We have used the globin family of genes in chicken to study developmental regulation of gene expression, both at the level of individual interaction of trans-acting fac tors with local promoters and enhancers, and at the level of chromatin structure. Regulation of all members of the a-and (3-globin clusters is affected by the erythroid regulatory factor GATA-1. Separate mechanisms exist for regulation of individual members of the family. As an example, we describe the control mechanisms that play a role in the expression of the p-globin gene, which is expressed only in primitive lineage erythroid cells. In addressing the involvement of chromatin structure in gene activation, we have examined the role of locus con trol elements, and also considered the way in which RNA polymerase molecules might accommodate to the presence of nucleosomes on transcribed genes.
Introduction
The globin gene family has served as a model for the study of developmentally regulated gene expression (Evans et al., 1990), allowing investigators to address the questions of how the entire family is activated in an erythroid-specific manner, and how individual family members are turned on and off at successive stages of erythroid development. We have focussed our attention on erythroid development in the chicken, in part because embryonic erythroid develop ment in chickens is well described, and because cells at each developmental stage can be obtained in abundance. Furthermore, since avian erythrocytes retain their nuclei, many regulatory factors can be isolated readily from cells found in the adult circulation.
Two distinct erythroid lineages are produced in the devel oping chick embryo (Dieterlen-Lievre, 1988; Nikinmaa, 1990). The primitive lineage predominates in the circula tion until about day 5 after fertilization; at that point the definitive lineage appears. Primitive lineage cells express the embryonic P-globin genes p and e, and the a-globin genes, a n, a A and a D. Definitive cells on the other hand express (3H and pA, as well as a A and a D (Fig. 1) . The steps leading to the activation of these genes require the partic ipation of typical trans-acting factors that bind to promot ers and enhancers, as well as the modification of chromatin structure over the a and p domains. Understanding of the globin regulatory pathways thus requires an analysis of both local and long-range interactions. ers and enhancers o f all the globin genes (Evans et al., 1988) . The cD N A from m ouse (Tsai et al., 1989 ) and both the cD N A and gene from chicken, cGATA-1 (Evans and Felsenfeld, 1989; H annon et al., 1991) , have been cloned. The hum an GATA-1 cD N A and gene (Trainor et al., 1990; Zon et al., 1990; Zon and O rkin, 1992) have also been cloned. cGATA-1 is a 304 am ino acid protein w ith two metal ion 'finger' m otifs, w hich binds typically as a m onom er to an asym m etric site (Evans and Felsenfeld, 1989 ). 7>a«.s-activation studies in chick em bryo fibroblasts (Evans and Felsenfeld, 1991) show that som e prom oters carrying a single copy o f a G ATA-1 binding site are strongly stim ulated by expression o f G A TA -1. W hen plas mids carrying such a GATA-1 expression vector are co transfected with an appropriate C A T reporter plasm id, a 360-fold stim ulation o f C A T activity is observed relative to antisense controls (Fig. 2) . Rem arkably, the presence of additional GATA-1 sites in the prom oter does not increase this response in fibroblasts. A quite different effect is seen when the sam e group o f reporters is introduced into p ri mary em bryonic erythroid cells: the reporter carrying m ul tiple GATA-1 sites is m uch m ore active (Evans and F elsen feld, 1991) . This result has led us to suggest that cGATA-1 is interacting either w ith an activator present in fibroblasts, or an erythroid cell-specific repressor.
It seem s clear that cGATA-1 m ust play an im portant role in the activation o f the erythroid program . W e do not know how cGATA-1 itself is first activated in the early stages of developm ent. Exam ination o f the cGATA-1 prom oter (H annon et al., 1991; Fig. 3) reveals the presence of a clus ter o f three strong G A TA -1-binding sites upstream o f the site o f transcription initiation. 7Vans-activation studies in prim ary chick em bryo fibroblasts confirm that these sites contribute to the expression o f G A TA -1. A lthough this autoregulatory function may w ell serve to m aintain expression o f the gene, it clearly cannot initiate it. The first steps in activation o f G ATA-1 expression m ay involve either the binding to these sites o f other m em bers o f the G A TA fam ily, or interaction o f other factors w ith putative sites that w e have identified in or near the GATA-1 pro moter. N otable am ong these is a c-m yb site and a site for an unidentified m em ber o f the steroid horm one receptor superfam ily in the first intron (Fig. 3) . W e are presently investigating the possible role o f these sites in control of G ATA-1 expression in early erythroid progenitors. (K ellum and Schedl, 1991, 1992) and the A elem ents in the chicken lysozym e locus (Stief et al., 1989) , that appear to isolate genes from the effects o f c/.v-acting sequences or chrom atin structures w hich lie outside the region they flank. To a first approxi m ation, when a pair o f scs sequences surrounds a gene and its local regulatory elem ents, the gene is expressed at levels governed only by those elem ents, regardless o f w here it is inserted in the genom e. T he scs functions passively, per haps by form ing closed loop dom ains that sterically restrict access from the outside. L ocus control regions appear to be m ore closely related to conventional enhancers, though m any enhancers do not function as LCRs, and there is som e evidence that L C R elem ents m ay not alw ays be enhancers. It is possible that LCR s serve to establish locally 'o pen' chrom atin dom ains at the prom oters o f their target genes (see Felsenfeld, 1992) . In any case, the LCR is probably an 'active' control region that exerts its effect by perturb ing chrom atin structure and stabilizing interactions o f trans acting factors w ith sites on local prom oters and enhancers.
Control of individual globin genes

Transcription on chromatin templates
It is well established that (with the exception of prom oters and enhancers) transcriptionally active eukaryotic genes to a large extent retain their bound histones (Ericsson et al., 1990; Postnikov et al., 1991; Tazi and Bird, 1990; F elsen feld, 1992) . Except at very high rates o f transcription, nucleosom e cores and even som e higher order chrom atin struc ture are likely to be present (K im ura et al., 1983; C aplan et al., 1987; Fisher and Felsenfeld, 1986) . How does RNA polym erase transcribe through such structures? W e have investigated the possibility that histone octam er displace m ent accom panies a transient w ave o f positive supercoiling generated by the advance o f the polym erase. T he gen eration o f positive supercoils ahead o f the polym erase, and negative supercoils behind, has been observed in vivo and in vitro (Liu and W ang, 1987; Tsao et al., 1989; Brill and Sternglanz, 1988) . Since form ation o f nucleosom e cores requires the introduction o f negative supercoils, it m ight be expected that positive supercoiling w ould disfavor nucleo som e core form ation. W e found, how ever, that in reconsti tution experim ents in vitro, histone octam ers form norm al nucleosom e structures on positively supercoiled D N A , as judged by their circular dichroic properties, and the chem ical reactivity and cross-linking behavior o f the histones (C lark and Felsenfeld, 1991) . O ur results (Clark and Felsenfeld, 1992) show that nucleosom e cores are displaced from their original binding site to other sites on the sam e plasm id. A lthough the latter experim ents w ere carried out w ith a prokaryotic RN A polym erase (SP6), it seem s likely that transcription by eukaryotic polym erases w ill take advantage o f the same m echanism , w hich appears to m ake use of an intrinsic prop erty o f the histones.
Conclusion
The globin gene system provides a m odel for the study o f developm ental regulation o f gene expression. W ithin this system it is possible to explore m echanism s o f regulation at every level o f organization, from the relatively sim ple interactions o f iran i-a ctin g factors with their sites in local prom oters and enhancers, to the still poorly understood effects o f distant elem ents that appear to m ediate chrom atin structure. T he role o f chrom atin structure is now being addressed in m any laboratories. W e do not yet know how prom oters and enhancers are cleared o f histone octam ers w hen genes are activated; activation is likely to involve dif ferent m echanism s for different kinds o f genes (Felsenfeld, 1992) . W e also have only a vague idea o f how chrom atin structure o f transcriptionally active dom ains differs from that o f com pact chrom atin, or how the structure is gener ated. T he globin system o f genes can be used to address all o f these questions.
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